Abstract: Wind turbine (WT) drivetrain design configurations affect dynamic loads experienced by the drivetrain components under different operational conditions. This paper presents system modelling of dynamic loads experienced by key mechanical components within WT gearbox under different operational conditions by using MATLAB/Simulink. Two operational conditions of WTs are considered; normal operation and shutdown, using torque spectrums measured from a field operating wind turbine. The torsional dynamic loads under these conditions differ significantly; during normal operation, the maximum torque ratio is below the recommend value however it exceeds the recommended level during shutdown. It has been found that the shutdown event has a considerable effect on gear loading; it causes occurrences of loading reversal of gear meshing forces. Moreover, the variation range of meshing forces between planetary and sun gears is five to six times higher than that during normal operation. During shutdown, the most dominated vibration frequency of the WT drivetrains is the lowest one which is very close to the estimated natural frequency of the low speed shaft and that may cause the resonance of the drivetrain system.
Introduction
The WT gearboxes are replaced frequently within a six to eightyear period, which is considerably shorter than the designed life of 20 years 1 . The premature failures of some gearbox components may be caused by transient loads experienced by the drivetrain, especially when the size of modern WTs has been steadily increased during last decades 2 . The cost of WT gearbox can be up to 13% of the total cost of a WT, with further operational costs incurred due to the difficulty of replacing failed mechanical components, especially in offshore operation environment 3 . Reducing the component failures and downtime of the gearbox will make wind energy more economically viable to achieve sustainable generation of renewable energy. However, the WT gearbox consists of a large number of moving mechanical components which increasing the likelihood of failure; this is a concern as replacements of large components in offshore environment are expensive. It is important to develop accurate simulation models of the WT drivetrain in the design development stage of the WT drivetrain and gearbox configuration to investigate dynamic loads when it is subjected to various operational conditions.
WT drivetrain undergoes various operational conditions and its design configuration affects how the gearbox components react to transient loading conditions. This paper studies the system dynamic response of three different WT drivetrain configurations under normal and shutdown operations. The pure torsional multibody dynamic models are developed by using MATLAB/Simulink, including the turbine rotor, the gearbox components and the generator. The model of each configuration captures more details of drivetrain dynamic behaviour, such as the torsional deformation and dynamic responses of key mechanical components of the WT drivetrain, than that of the widely used two mass or five mass drivetrain models. The required parameters for building multistage gearbox dynamic models are obtained by developing CAD models. Eigenfrequency analysis of the WT drivetrains is performed by using MATLAB/Simulink control design tools. The influence of the WT drivetrain design configuration on the eigenfrequencies of the system and how they affect the dominant frequencies and the meshing forces of gears of the gearbox during normal operation and shutdown are discussed in detail. Parametric study of key variables of the drivetrain components is performed and how these affecting the dynamic responses of the system are studied.
System Dynamic Modelling
Peeters et al. 4 developed three types of multibody dynamic models in their analysis of WT drivetrain dynamics. These were a purely torsional model, a more advanced rigid multibody model which included the bearings, and finally a flexible multibody model. Using the rigid and flexible multibody approaches developed these models could provide a "good insight into the loads experienced" however the authors stated that it came with a high computational cost 5 . Increasing the flexibility of WT drivetrain components in the modelling did not always result in more accurate results 6 . The pure torsional model was able to produce approximations of torsional vibrations 7 , angular velocities and accelerations 8 , torques of low speed shaft (LSS) and high speed shaft (HSS) 9 and gear meshing forces 8 . If the bearing loads were required to be modelled, the torsional model could be expanded to include the rotational and translational degrees of freedom 10 . Mandic et al. 7 proposed a damping control technique to monitor the input torques of LSS and used a controller to regulate the generator torque. The controller produced a resistive damping torque to reduce damping at natural frequencies of the system. This technique had shown to be able to reduce resonant oscillations thus resulted in less damage to in the modelling of the WT drivetrain using Simulink while loading conditions were obtained by FAST software. By using a purely torsional model the drivetrain was simulated under a variety of wind and grid loading conditions, allowing the analysis of the dynamic interactions between components during transient loading conditions to be carried out 7, 9 . Simulation tools could be used in the design development stage of WT drivetrain and gearbox configurations to reduce vibrations at resonant frequencies 9 . The torsional dynamic model for WT gearboxes is one of the common modelling approaches because of its fast solution time with low computational costs. In this paper, purely torsional model is adequate to model three different configurations of the WT drivetrain and gearbox. It follows a similar approach as the one used by Peeters et al. 4 , including single degree of freedom (DOF) per drivetrain component with the associated torsional and gear mesh stiffnesses. The models developed in this study are computationally effective to capture the torsional loads, meshing forces of all gear stages and dynamic responses of key WT drivetrain and gearbox components during free and forced vibrations.
Three Different WT Gearbox Designs
The majority of gearbox designs in modern WTs has very similar configurations therefore they experience the similar failure modes 11 . Depending on the required output speed to be fed into the generator, the commonly used WT gearbox configurations are recommended in the international standard 12 . The common WT gearbox design configurations include one planetary gear stage followed by two parallel gear stages or two planetary gear stages followed by one parallel gear stage 12 . Another design configuration includes only two planetary gear stages 13 . In all gearbox design configurations, the ring gear does not rotate and is fixed on gearbox casing.
The development of WT drivetrain dynamic models can be beneficial in understanding the loading behaviour and predicating the response of WT drivetrain components under transient loading conditions. This study evaluates three different gearbox configurations of the WT drivetrain, Drivetrains A, B and C, they are designed by using CAD software as shown in Fig. 1 . The gearbox design parameters are presented in Table 1 . The complete drivetrains are modelled by MATLAB/Simulink. The WT drivetrains using three different gearbox configurations are simulated under normal operation and shutdown respectively to evaluate the dynamic response of the system under the transient events. A comparison of system dynamic behaviour is made for different gearbox configurations to understand their potential for load reduction on key components of WT gearbox. 
Modelling WT Drivetrains in MATLAB/Simulink
In order to analyse the WT drivetrain design concept to evaluate its dynamic behaviour under loading, it is important to construct a model that can accurately represent the internal dynamics of the drivetrain components. As the aim of this study is to understand the dynamic responses of the three different configurations of WT gearboxes under transient load conditions, modelling the drivetrain as a pure torsional model in MATLAB/Simulink is appropriate. In MATLAB/Simulink the Simscape library enables the user to model the individual mechanical components and the associated differential equations as blocks within Simulink. The related blocks are coupled by connecting them together and the software forms the supplementary equations that describe the motion of the whole system. It is efficient to create the models in Simulink/Simscape environment and to run simulations in order to obtain approximations of the dynamic responses 14 . The WT drivetrain is split into mass and spring models, with masses, shafts and gears represented as inertias and torsional springs respectively by using blocks from the Simulink/Simscape library. Simulink blocks are a simple way to view a system and to perform mathematical calculations. The key mechanical blocks used to model each drivetrain component in Simulink are displayed in Table A in Appendix.
Rotor and gearbox modelling
The inertia block is sufficient to model all mechanical components within the WT drivetrain as rigid bodies, such as the rotor, planetary carrier, gears and generator rotor. All the required parameters such as the mass and inertia of drivetrain components have been calculated by using CAD models. The rotor of the WT drivetrain, including the blades and the hub, is connected to the gearbox by the LSS. The mass and rotational inertia of the blades (Mb , Jb) can be calculated by the following formulas 15 :
Where Lb is the length of the blade and n is the total number of blades. The total amount of inertia of turbine rotor (Jrotor) can be calculated from the summation of blades inertia and the inertia of the hub (Jh ) 16 :
The rotational stiffness is used to model the flexibility associated with each component in the torsional model, such as the shafts and gear mesh stiffness. In some studies, all the shafts of the WT drivetrain were considered to have constant cross section areas therefore the variable cross section area of each shaft had been simplified as a solid cylinder or tube 17 . In this study, the actual geometry of each drivetrain shaft has been modelled and the values of polar moment of inertia of the main shaft and shafts of the entire gearbox are calculated from the CAD models. By knowing the length of shaft (L), the shaft modulus of rigidity (G) and shaft polar moment of inertia (J), the torsional stiffness of each shaft can be calculated by:
The gear mesh stiffness is a parameter that accounts for the meshing interaction between gears. Gear meshing presents a complex dynamic relationship depending on several gear parameters such as gear material, helix angle, face width, base radius, mesh alignment, normal load, and number of teeth. The gear mesh stiffness value (kgear) can be calculated according to the international standard 18 while the gear tooth stiffness (kmesh) and the circumferential tooth contact force (Ft) can be determined as following 4 :
Where rb is the base radius of the driving gear, is the helix angle of the gear, rb1, rb2, 1 and 2 are the base radius and the torsional displacement of the pinion and the wheel respectively. The 'SunPlanet', the 'Ring-Planet' and the 'Simple Gear' blocks provided in Simulink/Simscape can apply the gear ratio in each gear stage, i.e. the planetary, intermediate and high speed stages. Table 2 shows the representations of the dynamic model for the planetary gear and parallel gear stages respectively where each component and gear mesh stiffness are included. The Simulink model for the complete drivetrain is shown in Fig. 2 . The required parameters for Simulink models of three drivetrains and all gearbox components are shown in Table 3 . By knowing the number of teeth of each gear and the speed ratio of each gear stage, the gear mesh frequency (GMF) can be calculated 19 . The GMF calculations of each stage within the gearbox of Drivetrain-A, B and C are shown in Table 4 . The GMF results will be used later for evaluating the Campbell diagrams and resonance analysis. To validate the developed WT drivetrain models using MATLAB/Simulink, the NREL 750 kW drivetrain is tested. Its key parameters are obtained by CAD models and the torque spectrums under normal operation and shutdown conditions, measured by NREL, are used in the system dynamic modelling 20 . The results of the natural eigenfrequencies and corresponding mode shapes are obtained and compared with those available in published literature which shows good agreements 7, 9, 16, 21, 22 . The MATLAB/Simulink model is then used for simulating Drivetrain-C during normal operation and shutdown conditions, using the field measured torque spectrums from a 2MW WT (details are given in Section 4.3) which has the same drivetrain and gearbox configuration as that of Drivetrain-C. The comparison between simulated and field measured HSS torque histories during normal operation and shutdown conditions for Drivetrain-C is shown in Fig. 3 , validating the MATLAB/Simulink system dynamic model developed. 
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Generator modelling
In order to accurately model the drivetrain, a generator model in Simulink must be incorporated into the system model of the drivetrain to simulate the resistance torque supplied by the generator. This is important to ensure that the HSS speed is limited at the speed that the generator can produce electricity. The generator resistance torque acts as a reactive loading to the drivetrain at the generator side and affects the WT drivetrain system when the generator engages or disengages with the electrical grid. The gearbox ratio is 34 for Drivetrain-A, corresponding to a mid-speed generator thus a Permanent Magnet Generator (PMG) model is used in the modelling. For Drivetrain-B and C, Double-Fed Induction Generator (DFIG) model is used for both drivetrains because of their generators operate in a higher speed range. The generator models can provide generator resistance torque and controls the rotor speed for two different operational conditions: normal operation and shutdown. The generators parameters used in this study are shown in Table 5 .
Input torque spectrums under different operational conditions
Field measured rotor torque data under normal operation and shutdown conditions are obtained from a 2MW wind turbine in operation, as shown in Fig. 4 . These torque spectrums are used directly as rotor torque inputs for Drivetrain-C model. For Drivetrains A and B, the field measurements of torque spectrums under different operational conditions are not available. For each of these two drivetrains, the rotor torque input data is determined by applying a scaling factor to the field measured torque data of the 2-MW wind turbine, based on scaling relations given in [23] [24] [25] . It is assumed that the tip speed ratio of 3MW WTs is the same as that of the 2MW WT 25 . The scaling factor can be calculated using 25 :
Where T is the torque, D is the rotor diameter, 1 and 2 denote the original and scaled WTs respectively. The rotor torque spectrum measured for normal operation corresponds to the operational condition when the WT operates around the rotor rated speed, shown in Fig. 4 (top) . The shutdown condition shows that the WT firstly operates under normal operation and then the shutdown begins with the aerodynamic brake being applied on the rotor. The generator subsequently is switched off, and then the mechanical brake is applied, until the system comes to a complete stop, as shown in Fig. 4 (bottom) . When simulating the drivetrain under shutdown condition by using MATLAB/Simulink, the rotor torque and generator resistance torque are not the only inputs required. Additional inputs are added to the Simulink model to create the braking torques, so that they can be synchronised to the rotor input torque modelled. During shutdown condition the generator is switched off when the aerodynamic brake is activated, therefore the generator model must be designed to response to the event. The corresponding generator and brake models in MATLAB//Simulink are shown in Figure A in Appendix. A switch has been added to the generator model to ensure when the aerodynamic brake is engaged the generator will be turned off, to reduce the torque to zero. The aerodynamic and mechanical brakes both produce resistance torques on the drivetrain; both brakes are simulated by using the friction brake function available in MATLAB/Simulink library. No information about the braking system is available for the drivetrain system modelled thus a trial and error 21, 26 method is used to adjust the braking forces required by the two brakes. Each brake has a zero force until the brake initiates; after which a constant resistive force is applied via brake when the rotor slows down gradually. 
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Results and Discussion
Free and forced vibration analysis
The results show the responses of three different WT drivetrain configurations under free vibration, normal operation and shutdown conditions. The natural frequencies and the vibration modes of gearboxes of Drivetrain-A, B and C are presented in Table 6 . Fig. 5 illustrate the tendency of the gearbox natural frequency with the gearbox mode for Drivetrain-A, B and Drivetrain-B, C respectively. The results show that increasing the number of gearbox stages or the drivetrain rated power both result in reduction of the natural frequencies.
Avoiding resonance is a key part of WT drivetrain design due to the severe consequences it could bring on the drivetrain system. When the WT drivetrain is excited under the transient conditions it is important to establish whether the system is vibrating close to the natural frequencies. The phenomena of resonance can occur when the exciting frequency of the system corresponds to the natural frequencies. This can have a significant impact on the WT drivetrain causing premature failure of some components and is therefore an important consideration in system dynamic studies. nd gearbox vibration mode during the low and high speed conditions, which should be avoided. Increasing the number of gearbox stages from two to three without change the WT rated power, comparing Drivetrains-A and B, will not change the drivetrain system dynamic behaviour by moving away from the resonance occurrence, in contrast, making it more likely to happen. One of the options to minimize the resonance is to shift-up the range of operational speed or to shift-down the WT power from 3MW to 2MW by reducing the number of teeth of gears using Drivetrain-C, as shown in Fig. 6(c) . Simulations of the three drivetrains under normal operation and shutdown conditions are conducted using the field measurement of torque spectrums shown in Fig. 4 as explained in section 4.3. Fig. 7 shows the meshing force between the sun and the planet gears in the planetary stage of WT gearbox in Drivetrain-C during normal operation and shutdown. In shutdown, the maximum meshing forces between the sun and planet gears show considerable variations than that of normal operation, as shown in Fig. 7 . The meshing force in time domain for both events have been processed by using the rain flow cycle counting method 27 and presented in Fig. 8 . It shows the RangeMean distribution of meshing forces between the sun and planet gears during shutdown and normal operation. When the shutdown event occurs, the mean value of meshing force varies in a much wide band region than that in the normal operation. The normal operation shows a narrow distribution of mean value of meshing force with a range around 88 kN while its exceeds 440 kN during shutdown. For the normal operation, there is no occurrence of gear meshing force reversals. This is not the case in shutdown with a mean value of around 100 kN negative gear meshing force, as shown in Fig. 8 . The torque ratio, defined as the ratio of a transient torque value over the rated torque of the shaft, is used to evaluate the dynamic loading of the drivetrain. The maximum torque ratios during normal operation and shutdown for the LSS, intermediate shafts 1 and 2 (ISS1 and ISS2) and HSS are shown in Fig. 9 . For Drivetrain-B, the maximum values of shaft torque in normal operation correspond to 1.26 times of the rated torque, for the LSS, ISS1 and HSS respectively. These values are below 1.35, the factor of safety for design loads as recommended in the WT design requirement standards 12 . These levels of torsional loads are not likely to contribute to the premature failure problem; as excessive loading is not observed for the three drivetrains modelled during normal operation. During the shutdown, however, the torsional loads are at a maximum for all the shafts when the mechanical brake being applied. This is an indication of a higher level of torsional vibrations within the system. The lowest torque ratio is 1.32 (HSS in Drivetrain-C) and the highest torque ratio is 1.38 (LSS in Drivetrain-B). For Drivetrain A and B, the torque ratio for LSS and ISS1 exceed the recommended value of 1.35 12 . Furthermore Fig. 10 shows that the maximum range of torsional loads of the gearbox shafts for the three configurations is considerably high during shutdown; the ratio of maximum torque ranges under shutdown condition for all shafts of Drivetrains A, B and C is 5 to 6.5 times higher than that under normal operation. It is stated that at least 1000 shutdown procedures may occur on a WT per year 28 , the ranges of torsional loads during these transient conditions are considerable higher than that during normal operation, these high load conditions can be damaging for some key mechanical components. Due to the occurrence of resonance and high torsional loads during shutdown condition, this is a possible contributing factor to the premature failure problem of WT gearbox components. Fig. 11(a) shows the torque transmitted in time domain of the HSS for Drivetrain-A during shutdown. The Fast Fourier Transform (FFT) is computed for the torque time histories during normal operation and shutdown, for the HSS of Drivetrains-A, B and C. During normal operation, the system is not excited at high amplitudes or near its natural frequencies as there are no peak values observed. In these conditions, there is a relatively low risk of resonance occurring. Fig.  11(b) , (c) and (d) show that when the mechanical brake is engaged during shutdown, the most dominated frequencies are 9.1 Hz, 4.664 Hz and 2.503 Hz for Drivetrain-A, B and C respectively. Table 6 (i.e. 9.049 Hz, 4.54 Hz, 2.37 Hz). They are close enough to suggest that there is high possibility for the system to be excited at its natural frequencies, possibly causing 
Frequency excitation during normal operation and shutdown
damage to key components. This may also result in the resonance of the drivetrain system and loads amplification. This highlights the importance of developing dynamic models of drivetrain systems and simulating them under transient loading conditions, as the high torsional loads would not have been apparent if the dynamic response is obtained exclusively under normal operation. This shows how important system dynamic modelling is as a tool in the design process, as the gearbox parameters can be modified to achieve a desirable dynamic response under transient conditions. 
Parametric study
The benefit of conducting a parametric study is related to the assumptions made throughout the design process in obtaining the design parameters of WT gearbox parameters and data required for dynamic modelling. These are not available for the real gearbox where the rotor torque measurement data is obtained so it is important to understand how these can affect the dynamic response of the WT drivetrains. Girsang et al. 9 investigated the impact of varying the stiffness of the HSS for the 750 kW drivetrain, where it was varied from 10% to 1000% of its initial value. The parametric study in this paper follows a similar approach as the second non-zero natural frequency corresponds to the HSS; the parameters relating to this are adjusted. The stiffness of the HSS is varied from 10% to 1000% to study its effect on the torsional loads that are transmitted through the drivetrain and the natural frequencies of the system. Fig. 12 shows the influence of different HSS stiffness values on eigenfrequencies of Drivetrain-A. It is evident that the variation of the parameters does affect the steady state response of the WT drivetrain, with the HSS natural frequency shifts up or down as expected. Increasing the HSS stiffness value results in shift-up the frequencies of the WT drivetrain and gearbox components but has no impact on the highest natural frequency, i.e. the highest gearbox mode and vice versa. Fig. 12 The influence of HSS stiffnesses on eigenfrequencies of Drivetrain-A The pure torsional dynamic models developed in this study use single DOF for each key component within the WT drivetrain however do not include the bearings. The pure torsional model can be expanded to include the rotational and translational degrees of freedom to model bearings thus provide further insights into the dynamic responses of the WT drivetrain gearboxes. In this study, the gear mesh stiffness is modelled as a linear spring which reacts similarly when the meshing gears under normal contact and reversed contact. A more realistic model may be developed to simulate more complex gear meshing behaviour caused by gear tooth interactions and to consider how the mesh stiffness would change during transient operational conditions when torque reversals occur. 
Conclusions
The system dynamic responses of three different drivetrain gearbox design configurations have been modelled under normal operation and shutdown conditions. The following conclusions may be drawn: 1. Comparison between Drivetrain-A, B and C shows that similar levels of torsional loads are acting on the shafts during normal operation. However, during shutdown, the drivetrains are under higher levels of torsional loads when compared to that under normal operation, increased by 10% in LSS for Drivetrain-A and B and by 16% in HSS for Drivetrain-C. 2. During shutdown condition, the drivetrain system may be excited close to a natural frequency of the system, possibly causing system resonant oscillations. The modelling results show that larger drivetrain configurations result in a reduction of system natural frequencies. 3. Drivetrain-B shows the lowest levels of gearbox modes however it may have the highest probability of resonance occurrence, while Drivetrain-C shows a better dynamic response in regarding to resonance occurrences within the operation speed range and smaller torque ranges during shutdown, when comparing with that of Drivetrains A and B. 4. During shutdown, the variation range of the meshing force between the planet and sun gears of all drivetrains is five to six times higher than that in normal operation. The comparison between these two loading conditions shows that the shutdown condition is one of the most critical loading conditions that the WT gearbox components may experience which may contribute to premature failures. 
Appendix
